We address the issue of correcting higher order chromaticities of the collider with one or more low p insertions. The chromaticity contributed by the interaction regions (IRs) depends crucially on the maximum value of p in the two IRs in a cluster, the phase advance between adjacent interaction points (IPS), and the choice of global tune. We propose a correction scheme in which the linear chromaticity is corrected by a global distribution of sextupoles and the second order chromaticity of each IR is corrected by a more local set of sextupoles. Compared to the case where only the linear chromaticity is corrected, this configuration increases the momentum aperture more than three times and also reduces the p beat by this factor. With this scheme, the tune can be chosen to satisfy other constraints and the two IRs in a cluster can be operated independently at different luminosities without affecting the chromatic properties of the ring.
IRs in a cluster, the phase advance between adjacent interaction points (IPS), and the choice of global tune. We propose a correction scheme in which the linear chromaticity is corrected by a global distribution of sextupoles and the second order chromaticity of each IR is corrected by a more local set of sextupoles. Compared to the case where only the linear chromaticity is corrected, this configuration increases the momentum aperture more than three times and also reduces the p beat by this factor. With this scheme, the tune can be chosen to satisfy other constraints and the two IRs in a cluster can be operated independently at different luminosities without affecting the chromatic properties of the ring.
I. INTRODUCTION
The racetrack shaped collider lattice consists basically of 2 arcs located on the North and South sides and 2 clusters placed on the West and on the East. Each arc contains 196 identical FODO cells with the phase advance across a cell being 90 degrees and the length of each cell is 180 m. The lattice of each cluster includes 2 IRs, the utility section and the interconnect sections between them. The arcs occupy about 81% of the lattice and therefore contribute significantly to the chromaticity of the machine. They dominate the collider chromaticity at injection. However, in the collision mode, the 1% have a larger chromaticity than the arcs because of the very high values of the , f 3 functions in the final focussing quadrupoles.
The linear chromaticity contributed by major sources is shown in Table 1 . L* denotes the free space reserved on either side of each IP for the detectors.
denote the horizontal and vertical chromaticities respectively. The total chromaticity of an IR includes contributions from the triplets, the quadrupoles in the M= -I section and the variable strength quadrupoles in the tuning section. At collision, the triplets contribute about 76%, the M= -I section about 19% and the the tuning section accounts for the rest.
A description of the different modules in each IR can be seen elsewhere in these proceedings [l] . The 2nd order chromaticity is given by [2] KO denotes the nominal gradients and Apl is the 1st order chromatic p wave,
From the above expression we deduce that the , ! 3 wave depends on the global tune UO, and on the phase advance between sources of the chromatic gradient errors and that it propagates at twice the betatron frequency. This in turn implies the following : i) <2 is large as the fractional part of the tune [ The collider has two low-@ IRs in the East cluster and two medium-@ IRs in the West. Our proposed scheme requires placing sextupoles in 24 cells in each arc adjacent to the cluster, for correcting the higher order chromaticity of the East cluster, and, if necessary, the same for the West cluster. In the remaining cells, two families of sextupoles are placed to correct the linear chromaticity of the collider. The linear correction scheme is called "global" and the higher order scheme "local", since the local scheme corrects for only the IRs. The distribution of local sextupoles spanning 6 wavelengths is shown in Figure 1 . The North and South IPS are labelled NIP and SIP respectively.
The families (lF,lD) are x/2 (mod 2x) in (horizontal, vertical) phase from NIP and hence correct primarily for the (horizontallvertical) chromaticity of the North IR. The families (3F13D) do the same for the South IR. The local scheme must contribute zero linear chromaticity for it not to disturb the compensation done by the global scheme. The families (2F12D) therefore have opposite polarities to the families (lF,lD) respectively and (4F14D) are opposite to (3FI3D). When members of a family are exactly x apart in phase, the @ waves produced by them are in phase and second order geometrical aberrations are removed [3] . The local correction scheme can be understood by representing the beta waves from each source in a 2Q phasor diagram. The angle between any two vectors in this diagram is twice the phase advance between the corresponding sources. Figure 2 shows that with the phase slip, the horizontal chromatic @ wave from all sources in the IR is cancelled. A similar diagram can be drawn for the vertical , B wave by interchanging the F and D labels.
In what follows, we consider only the configuration of the East cluster with the largest (2 i.e. one IR at p' = 0.25m, the other at p' = 8.0m and the tunes to be (123.435,122.415). An advantage of correcting this configuration is that we do not need to rely on the chromatic cancellation of one IR by another. This is important in practice since the detectors at the two IPS might well be operating at different luminosities. First, the chromatic behaviour with only the linear chromaticity corrected is examined. Figure 3 shows the variation of the tune shift with the relative momentum deviation 6 and Figure 4 shows how the relative p' at the IP varies with 6. The standard deviation up for 6 is x 6~1 O -~ at 20 TeV. For stable operation of the beam we require the tune shift AV < 0.002. Only linear correction gives a momentum aperture of approximately 2.5 up which is inadequate. The relative variation in p' is also large, reaching 10% at la,. Clearly, higher order chromaticity correction is needed.
The nonlinear correction was done by minimizing the tune shift as a function of 6 to the 2nd and 3rd order using the module HARMON in MAD [4] . The variation of tune with 6, shown in Figure 5 , is significantly improved. The tune variation is flat over &2up and the momentum aperture is increased to approximately 8up for AV < 0.002. The relative p' variation (shown in Figure 6 ) is less than 2% at lap. These improvements in the chromatic behaviour may be sufficient for the stable operation of the collider.
I " " I " " I " " I " " I being the horizontal dispersion in the standard cell. The strength SD is chosen to be the value that minimizes the chromatic , 8 beat in the arcs. The polarities and phase advances between the sextupoles are the same as before. With this method we have only a one parameter family of sextupoles. The fact that the chromatic behaviour is similar to that obtained by optimizing with HARMON shows that this scheme is quite robust. The local sextupoles used in either of the two methods mentioned here have strengths of the same order of magnitude as the global sextupoles, which correct the linear chromaticity of the lattice with all four IRs.
The effect of the local sextupoles on the dynamic aperture has also been examined. It is found [5] that when all field errors are included, specially those in the IR triplets, the dynamic aperture for particles off the design momentum is improved and that for particles on momentum is not affected. This improvement in both the momentum aperture and dynamic aperture is seen for other configurations of IRs as well.
